[1] Crustal structure in Kenya and Ethiopia has been investigated using receiver function analysis of broadband seismic data to determine the extent to which the Cenozoic rifting and magmatism has modified the thickness and composition of the Proterozoic crust in which the East African rift system developed. Data for this study These results indicate that the crust beneath the Ethiopian Plateau has not been modified significantly by the Cenozoic rifting and magmatism, even though up to a few kilometers of flood basalts have been added, and that the crust beneath the rifted regions in Ethiopia has been thinned in many places and extensively modified by the addition of mafic rock. The latter finding is consistent with models for rift evolution, suggesting that magmatic segments with the Main Ethiopian Rift, characterized by dike intrusion and Quaternary volcanism, act now as the locus of extension rather than the rift border faults. 
Introduction
[2] In this study, crustal structure has been investigated within and surrounding the eastern branch of the East African rift system in Ethiopia and Kenya to determine the extent to which crustal structure has been modified by the Cenozoic rifting and magmatism found there. The East African rift system is one of the largest continental rift systems on Earth, extending from the Afar region of Ethiopia southward to beyond the Zambezi River. Knowledge about the crustal structure of this rift system is important for not only improving our understanding of rifting mechanisms, but also for constraining models of rift-related plateau uplift and volcanism.
[3] Crustal structure has been determined from receiver function analysis of broadband seismic data recorded by temporary deployments of seismic stations in Ethiopia and Kenya. Our results provide new, first-order estimates of crustal thickness and Poisson's ratio beneath the Afar Depression, the Main Ethiopian Rift (MER), the Ethiopian Plateau, the Kenya Rift, and parts of the East African Plateau in Kenya, and when combined with previous results from Tanzania and Kenya, they can be used to examine the extent to which the crust has been modified within and surrounding the eastern branch of the East African rift system.
[4] This paper is organized in several sections. In section 2, background information on the geology of eastern Africa is reviewed together with previous crustal structure studies and the 2000 -2002 broadband seismic experiments in Ethiopia and Kenya. In section 3, receiver function modeling methods and data are discussed and results are presented. In section 4, using our results and those from previous studies, we comment on the nature of crustal modification associated with the eastern branch of the rift system.
Background Information

Geology
[5] The East African rift system has two branches, a western and an eastern branch (Figure 1 ). The main sectors of the eastern branch, from north to south, are the Main Ethiopian Rift, the Kenya (Gregory) Rift, and a wide (>300 km) region of block faulting in northern Tanzania. The Afar Depression is located at the northern end of the eastern branch. The tectonic development of the eastern branch, as well as the western branch, has been strongly controlled by Precambrian crustal evolution [Nyblade and Brazier, 2002] . The Archean Tanzania (Nyanza) Craton forms the nucleus of the Precambrian framework of eastern Africa and is surrounded by several Proterozoic mobile belts [Cahen et al., 1984] . The Mozambique Belt, within which the eastern branch has developed, extends from Ethiopia south through Kenya, Tanzania and Mozambique and is located to the east of the craton. The Mozambique Belt is believed to represent a Himalayan-type continental collision zone [Burke and Sengor, 1986; Shackleton, 1986] , and numerous sutures marked by dismembered ophiolites have been recognized within the basement complex of Ethiopia [e.g., Berhe, 1990; Vail, 1988 Vail, , 1985 . The foreland to this collisional event in the south is the Tanzania Craton, and to the north it is in western Ethiopia under Cenozoic volcanic rocks [Kroner et al., 1987] .
[6] Rift evolution within the eastern branch is complicated and possibly developed separately in two regions. Volcanism began about 45 -40 Ma in southwestern Ethiopia [Davidson and Rex, 1980; Zanettin et al., 1980; Berhe et al., 1987; WoldeGabriel et al., 1990; Ebinger et al., 1993; George et al., 1998 ] and propagated to the south through Kenya and into northern Tanzania. In the northern part of the Kenya rift magmatic activity began in the Oligocene (circa 30 Ma) [Morley et al., 1992; Ritter and Kaspar, 1997] . It commenced around 15 Ma in the central portion of the Kenya rift, at circa 12 Ma in southern Kenya [Morley et al., 1992; Hendrie et al., 1994; Mechie et al., 1997] , and at about 8 Ma in northern Tanzania [Dawson, 1992; Ebinger, 1989] . The earliest Cenozoic rifting occurred circa 25 Ma in northern Kenya [Morley et al., 1992; Hendrie et al., 1994] , and propagated southward reaching central Tanzania by circa 1 Ma [Baker, 1986; Foster et al., 1997] .
[7] In the future sites of the Red Sea, easternmost Gulf of Aden, and the central Ethiopian plateau, widespread volcanic activity initiated during the Oligocene (circa 29-31 Ma) with the emplacement of thick (500-2000 m) flood basalts and rhyolites within 1 -2 Myr [Hofmann et al., 1997; Mohr and Zanettin, 1988; Mohr, 1983; Berhe et al., 1987; Baker et al., 1996; Ayalew et al., 2002; Coulie et al., 2003] . Sitting on top of the flood basalts are less voluminous synrift shield volcanoes that formed between 30 and 10 Ma, locally creating an additional 1000 to 2000 m of relief [Berhe et al., 1987; Coulie et al., 2003] . Uplift of the Ethiopian Plateau commenced between 20 and 30 Ma, soon after the major flood basalts erupted [Pik et al., 2003] . In contrast, timing of plateau uplift to the south in east Africa remains poorly constrained, although there is some evidence for Neogene rift flank uplift [Noble et al., 1997; van der Beek et al., 1997] .
[8] The formation of the Red Sea and Gulf of Aden rifts began in the Oligocene when Africa began separating from Arabia and can be linked to the complex geometry of collision along the Alpine-Himalayan chain [Bellahsen et al., 2003] . The opening of the eastern branch to form the Afar triple junction occurred long after the flood basalts erupted and Arabia separated from Africa. Extension commenced after 11 Ma in the central and northernmost sector of the MER [Wolfenden et al., 2004; Chernet et al., 1998; WoldeGabriel et al., 1999] and at circa 18 Ma in southwestern Ethiopia [Ebinger et al., 2000] . Wolfenden et al. [2004] suggest that there was a hiatus in volcanism between 6.5 and 3.2 Ma within the MER, after which time deformation migrated toward a narrow zone in the rift center, and that by 1.8 Ma volcanism and faulting had localized to magmatic segments within the rift. Most of the Quaternary volcanism in the MER has occurred within the magmatic segments, but it has also occurred along the rift shoulder in a number of places. Historical flows at Fantale [Gibson, 1967] and elevated temperatures at shallow crustal depths in the geothermal field near Aluto suggest that magmatic processes within the MER have been recently active. Ebinger and Casey [2001] proposed that the magmatic segments act now as the locus of extension within this transitional rift setting rather than the rift border faults.
[9] The volcanism, plateau uplift and rifting in eastern Africa cannot be explained easily by simple passive rifting related to the development of the Afar triple junction, and consequently many authors have invoked one or more mantle plumes to account for the Cenozoic tectonism. The multistage scenario of rift development described above can be attributed to multiple plumes (i.e., one at circa 45 Ma in southern Ethiopia and one at circa 30 Ma in the Afar region), however, others [e.g., Manighetti et al., 1997; Courtillot et al., 1999] have attributed the Cenozoic tectonism to a single plume at circa 30 Ma and continued rifting and magmatism since then. While our results do not directly shed new light on the nature of the plume activity, the information on crustal structure presented below provides important constraints on rift development and the extent to which the rifting and magmatism has altered the preexisting crust.
Results of Previous Crustal Structure Studies in the Region
[10] Using seismic refraction, surface wave dispersion, gravity and other geophysical data, crustal structure has been investigated in many parts of eastern Africa. Figure 2 summarizes Moho depths (H) and crustal Poisson's ratios (s) reported in previous studies.
[11] Using earthquake data, Ruegg [1975] and Searle [1975] estimated Poisson's ratio for the crust in Afar. Searle [1975] reported, from an analysis of surface waves crossing Afar, that Poisson's ratio increases from 0.25 at the surface to 0.27 to 0.29 at the deepest portion of the crust. On the other hand, Ruegg [1975] noted from deep seismic sounding studies in eastern Afar that Poisson's ratios as high as 0.33 characterize the region. Searle and Gouin [1971] , from surface waves and body wave travel time data, placed an upper limit on the Moho depth beneath AAE (same location as AAUS, Addis Ababa, Figure 1 ) of 48 km. Using receiver functions, Hebert and Langston [1985] estimated a Moho depth of 41 km beneath AAE.
[12] The most detailed information about crustal structure in Ethiopia comes from seismic refraction surveys (lines I-VI, Figure 2 ) conducted in the mid-1970s [Berckhemer et al., 1975] . Makris and Ginzburg [1987] , revising the previous interpretation of Berckhemer et al. [1975] , reported Moho depths of 33 to 44 km along profile I from west to Figure 1 . Location map of the study region showing topography, Precambrian terrains, the outline of the Cenozoic East African rift system, and the distribution of broadband seismic stations in Ethiopia, Kenya, and Tanzania.
east. Along refraction line II, they found a Moho depth of 30 km in the south and 26 km in the north, and for profiles V and VI, they found crustal thickness variations of 26 to 14 km, with a change in the middle of profile VI from about 26 km to about 20 km. For refraction line IV, they reported that crustal thickness thins from 26 to 23 km toward the Red Sea coast.
[13] Crustal structure in Kenya has been investigated by the Kenya Rift International Seismic Project (KRISP) project using refraction surveys Fuchs et al., 1997, references therein] . As illustrated in Figure 2 , crustal thickness in Kenya along the rift axis varies from 20 km in the north to 35 km in the south, and the average P wave velocity varies from 5.8 km/s to 6.2 km/s. To the west of the rift, Moho depth varies from 30 to 37 km while average P wave velocity varies from 6.2 to 6.6 km/s. To the east of the rift, the crustal thickness changes from 20 km near the coast to 44 km just north of Mt. Kilimanjaro and Figure 2 . Map showing topography, Moho depths (in km), and average crustal P wave velocity estimates (in km/s) from eastern Africa. Moho depths are given in bold, while average crustal P wave velocities are indicated in italics. The average P wave velocities for the crust in Kenya and Ethiopia were determined from previous refraction studies. For Tanzania, they are from receiver functions. The geologic features are the same as in Figure 1 . the average P wave velocity varies from 6.2 to 6.7 km/s. To the east of the central Kenya rift the crustal thickness varies between 35 and 36 km while the average P wave velocity is about 6.5 km/s.
[14] In Tanzania, crustal structure has been studied by Last et al. [1997] using a combination of receiver functions and Rayleigh wave dispersion measurements (Figure 2) . Last et al. [1997] (Figure 1 ). Detailed information on the station configuration, recording parameters, and other related information is reported by Nyblade and Langston Receiver function analysis has been used to examine crustal structure for many years [e.g., Langston, 1979] . In this study, ''simple stacks'' of receiver functions and the H-k stacking technique (H = Moho depth and k = V p /V s ) [Zhu and Kanamori, 2000] are used to estimate the thickness and Poisson's ratio of the crust. ''Simple stack'' refers to the common stacking method, in which the receiver function traces obtained from a station are averaged. The Ps and PpPs phase arrival times are then used to determine Moho depth and Poisson's ratio (or V p -to-V s ratio) following the equations derived by .
[17] It is well known that H and the k trade off strongly [Ammon et al., 1990; . In an effort to reduce the ambiguity introduced by this trade-off, Zhu and Kanamori [2000] incorporated the later arriving crustal reverberations PpPs and PpSs + PsPs in a stacking procedure whereby the stacking itself transforms the time domain receiver functions directly to objective function values in H-k parameter space. The objective function for the stacking is
where w 1 , w 2 , w 3 are weights, r j (t i ), i = 1, 2, 3, are the receiver function amplitude values at the predicted arrival times of the Ps, PpPs, and PsPs + PpSs phases, respectively, for the jth receiver function, and N is the number of receiver functions used. The stacked receiver function should attain its maximum value when H and k are correct. By performing a grid search through H and k parameter space, the H and k values corresponding to the maximum value of the objective function can be determined [Zhu and Kanamori, 2000 ].
[18] The H-k method provides a better estimate of Moho depth and V p /V s ratio than the ''simiple stack'' method because it uses the correct ray parameter for stacking each event. We use both methods in this study because previous results from Tanzania used the ''simple stack'' method [Last et al., 1997] , and therefore to assess the robustness of any comparison between our best estimates using H-k stacking and those published for Tanzania, we need to check for systematic differences that might arise from employing the two methods.
[19] Table 1 summarizes important event information. Events come from distances of 30°-100°and have magnitudes greater than 5.5. Most of the events are from the north (Hindu Kush -Pamir region) or the east (the Indonesian and western Pacific subduction zones). For computing the receiver functions, a time domain iterative deconvolution method [Ligorria and Ammon, 1999] was used, and to evaluate the quality of the receiver functions, a least squares misfit criterion was applied. The misfit criterion provides a measure of the closeness of the receiver functions to an ideal case, and it is calculated by using the difference between the radial component and the convolution of the vertical component with the already determined radial receiver function. Usually receiver functions with a fit of 90% and above are used in our analysis. However, in a few cases, when it was difficult to get a reasonable number of receiver functions for a station, receiver functions with fits of 70-90% were included. Figures showing the receiver functions used for each station are given by Dugda [2003] .
[20] The receiver functions were filtered with a Gaussian pulse width of 1.0. Both radial and tangential receiver functions were examined for evidence of lateral heterogeneity in the crust and for dipping structure. Events with large amplitude tangential receiver functions were not used. Stations identified with complicated structure are treated separately in section 3.4.
Crustal Models From Simple Stacks
[21] As mentioned earlier, the first approach applied in this study makes use of a simple stack of receiver functions and the arrival times of the Ps and PpPs phases. An example of a simple receiver function stack is given in Figure 3 . For most stations, the Ps and PpPs phases were easily picked on the receiver functions, but the PsPs + PpSs phase was not (Figure 3a) . However, for receiver functions at one station, the PsPs + PpSs phase was more clearly identifiable than the PpPs phase, and in that case the later arriving phase was picked for the computation of H and Table 2 . It is observed from the ratio of Moho depth estimates to the assumed V p values that the P wave travel time in the crust is independent of the assumed value of V p ( Table 2) .
Crustal Models From the H-K Stacking Method
[23] In applying the H-k technique, it is necessary to select weights w 1 , w 2 , and w 3 , and a value for V p . More weight is typically given to the phase that is most easily picked. As illustrated in Figure 4 , given a range of plausible values for V p (6.3 to 6.8 km/s), crustal thickness can vary by almost 4 km while the V p /V s ratio can change by 0.02. Thus, when estimating errors for the H-k method, the uncertainty in mean crustal velocity, as well as the sensitivity of our results to variations in weights (w 1 , w 2 , w 3 ), must be considered.
[24] We use the H-k stacking together with a perturbation analysis and a bootstrap algorithm to simultaneously find the best values of H and k and the errors associated with these values. We begin by incorporating uncertainty in mean crustal velocity into error estimates for H and k by specifying a normal distribution of V p values so that 95% of the values selected fall between 6.2 and 6.8 km/s, with a mean value of 6.5 km/s. For the weights (w 1 , w 2 , w 3 ), we also use a normal distribution such that 95% of the values for w 1 fall between 0.55 and 0.65 with a mean of 0.6, for w 2 they fall between 0.25 and 0.35 with a mean value of 0.3, and for w 3 they vary between 0.05 and 0.15 with a mean value of 0.1.
[25] Once values for V p and the weights are selected, we then use the bootstrap algorithm of Efron and Tibshirani [1991] , together with the H-k stacking, to estimate H and k with statistical error bounds. While performing the H-k stacking, the contribution of each of the receiver functions to the determination of H and k is also weighted based on the least squares misfit value of the receiver functions. The procedure of selecting V p and weights from the distribution described above and then performing the H-k stacking with bootstrapping was repeated 200 times. After each time, new average values of H and k and their uncertainties were computed. It was found that after repeating the procedure 50-60 times (out of 200), the error values for H and k stabilized.
[26] Table 3 summarizes the results together with the error estimates obtained. The error estimates in H range from 1.2 km to 5.4 km and the average is 2.9 km. The error estimates for k range from 0.03 to 0.18 and the average is 0.07.
Special Cases
[27] For some stations, receiver functions obtained using data from the two major source directions (north and east) give different results. For station SELA, events coming from the north sample the crust under the MER and give a Moho depth of $27 km and Poisson's ratio of 0.34 ( Figure 5 ). Events coming from the east sample the crust under the eastern plateau and MER, producing a complicated receiver function with no obvious PpPs or PsPs + PpSs phases. A Moho depth of 27 km and a Poisson's ratio of 0.34 are consistent with results from other stations in the MER (i.e., NAZA, WASH, and WANE). For HOSA, receiver functions from events sampling the crust to the north and east of the station yield similar Moho depth estimates of 37 km, but different Poisson's ratios; 0.28 for the crust beneath the western Ethiopia Plateau and 0.31 for the crust beneath the MER (Figure 5 ).
[28] For stations BUTA, KITU, and BARI (Figures 5 and 6) it was difficult to identify the PpPs and PsPs + PpSs phases, although the Moho Ps phase was clear. To estimate H for BUTA (Table 2) , only events coming from the east that sample the crust beneath the MER were used together with the Poisson's ratio obtained for the nearby station HOSA (0.31) for the MER crust. The Moho Ps could not be easily identified for events coming from the north at BUTA. For station KITU, Poisson's ratio from the nearby station KMBO (0.26) was used to estimate Moho depth (Table 2). For BARI, the Moho depth estimate from the KRISP refraction profile (Figure 2 ) was used, as the refraction line passed adjacent to this station. The Moho Ps was then used to determine the Poisson's ratio for the crust beneath this station (0.29, Table 2 ). For CHEF, the PsPs + PpSs phases were clear, but it was difficult to identify the PpPs reverberation (Figure 4b ). Thus the Moho Ps and the PpSs + PpSs phases were used to estimate Moho depth and Poisson's ratio (Table 3) . For NARO and BOKO, the data were too noisy to identify Ps phases, and therefore no results are reported for these stations.
[29] For many stations, the receiver functions show a trough in between the Moho Ps phase and the direct P wave arrival (stations BUTA, DMRK, FICH, FURI, HERO, KARA, NAZA, SELA, TEND, WANE, BARI, KR42, TALE; Figures 5 and 6 ). This is probably due to a shallow low-velocity zone near the surface created by high-velocity flood basalts overlying lower-velocity upper crustal sedimentary or felsic crystalline rock.
Discussion
[30] In this section we examine the extent to which the crust within and surrounding the eastern branch has been modified by the Cenozoic tectonism. As mentioned earlier, two approaches to analyzing the receiver functions were used to assess the robustness of a comparison between our results and those published for Tanzania by Last et al. [1997] . For our data set, the two approaches of analyzing receiver functions yield consistent results. In almost all cases, the differences in the results of the two approaches are within the error bounds of the estimates, and the differences between the Moho depth estimates are less than about 2 km (Tables 2 and 3 ). Therefore we conclude that our results from the H-k stacking method can be compared directly to those from Tanzania without introducing any significant bias into our interpretation.
[31] For our examination of crustal structure, we use Poisson's ratio as a general indicator of bulk crustal composition. Below the melting point of many rocks, mineralogy is the most important factor influencing Poisson's ratio [Christensen, 1996] , with the abundance of quartz and plagioclase feldspar having a dominant effect on common igneous rocks. For example, granitic rocks have a Poisson's ratio of about 0.24, while intermediate composition rocks (e.g., diorite) have values of around 0.27, and mafic rocks (e.g., gabbro) about 0.30 [Christensen, 1996; Tarkov and Vavakin, 1982] . Poisson's ratios as high as 0.32 have been reported for oceanic crust [Bratt and Solomon, 1984] and reflect the major crustal lithologies of basalt, diabase and gabbro. However, in continental settings, a Poisson's ratio above 0.30 (except for serpentinite) is rare and often indicates the presence of partial melt [Watanabe, 1993; Owens and Zandt, 1997] .
[32] Profiles of receiver function stacks, Moho depth (H), and Poisson's ratio (s) are illustrated in Figures 5 and 6 , and Figure 7 shows a map of H and s values for all the stations in eastern Africa. Table 4 summarizes average crustal structure for Precambrian crust along with the results obtained here and is provided for comparison purposes.
[33] We begin by discussing crustal structure in Kenya and Tanzania, focusing on areas of the crust away from the main rift valleys. Our estimates of crustal structure in Kenya are in good agreement with previous studies. Hebert and Langston [1985] estimated a crustal thickness of 41 ± 3 km beneath Nairobi, similar to the 42 km thick crust beneath Nairobi obtained in this study. To the west of the Kenya rift, crustal thickness of 37 and 38 km were found for KAKA and TALE, respectively (Figure 7) , close to the 37 km crust obtained near the middle of the KRISP refraction line running from the Kenya rift to Lake Victoria (Figure 2 ). To the east of the Kenya rift, crustal thickness is in the range of 39 to 42 km, which is very close to the range of values reported on the KRISP refraction lines (Figure 2 ). Poisson's ratios for the crust to the east and west of the Kenya rift range from 0.24 to 0.27.
[34] When these estimates for Moho depth and Poisson's ratio are compared to estimates from stations in the Mozambique Belt in Tanzania (Figure 7) , as well as to global average values for Proterozoic crust (Table 4 ), it appears that the Mozambique Belt crust in Kenya, away from the rift proper, has not been significantly modified by the Cenozoic tectonism. Given this conclusion, it seems reasonable to take all of the estimates of Moho depth and Poisson's ratio from Kenya and Tanzania (again away from the rift valleys), and combine them into average values representative of unmodified Mozambique Belt crust. Doing so yields an Table 3. average Moho depth of 39 ± 2 (SD) km, and an average Poisson's ratio of 0.25 ± 0.01 (SD). The average Poisson's ratio indicates felsic to intermediate composition crust.
[35] There is one station in Kenya within the rift (BARI), and the Moho depth and Poisson's ratio for this station are anomalous with respect to the average Mozambique Belt crust. The crust is thinner by some 7 km (from KRISP refraction profile), and Poisson's ratio is significantly higher (0.29). The high Poisson's ratio indicates that much of the preexisting Mozambique Belt crust has been modified or replaced by mafic intrusions. This finding is consistent with the KRISP refraction results showing high P wave velocities throughout most of the crust under the central part of the Kenya Rift [Mechie et al., 1994; Braile et al., 1994] .
[36] Moving to the north, Moho depths from 27 to 38 km and Poisson's ratios from 0.27 to 0.35 are found at the six stations within the MER (ARBA, BELA, SELA, NAZA, WASH, WANE, Figure 7) . These results are in good agreement with previous refraction studies [Makris and Ginzburg, 1987; Berckhemer et al., 1975] (Figure 2 ). Since the MER is about 70 to 80 km wide, it is necessary to address the effect of dipping Moho structure on the value of the Poisson's ratio, especially for stations near the edge of the rift (e.g., SELA, BELA, WASH), where two different Figure 7 . Moho depths and Poisson's ratios (the first and the second numbers next to each station, respectively) obtained in this study and for Tanzania by Last et al. [1997] .
Moho depths may be sampled by the P-to-S converted phases ($30 km beneath the MER and $40 km beneath the plateau). In order to determine if the computed value of s is biased by PpPs phases sampling a deeper crust under the plateau, as opposed to sampling thinner crust under the MER, the effect of a late arriving PpPs phase on Poisson's ratio was examined through an analysis of error propagation (Appendix A). As shown in Appendix A, whenever the time difference between the PpPs and Ps phases increases, Poisson's ratio decreases. A deeper crust tends to reduce the value of Poisson's ratio, and thus the high values of Poisson's ratio found for stations in the MER must be controlled primarily by crustal composition and not variations in crustal thickness.
[37] The variability in Moho depth beneath the MER stations (27 to 38 km) most likely reflects differences locally in the amount of extension and/or thickening from underplating and intrusion. The high Poisson's ratio at all stations except ARBA indicate the presence of mafic crust. Uncertainties associated with individual Poisson's ratio estimates are on the order of 0.02, and thus the values at BELA, WASH and WANE (Table 3) are within the range expected for a mafic crust (about 0.30). Recent results from refraction profiles across and along the MER by the EAGLE group [Mackenzie et al., 2003; Keller et al., 2003] show high P wave velocities throughout most of the crust, supporting our finding of a largely mafic crust. The even higher values of Poisson's ratios at SELA and NAZA (0.34 and 0.35, respectively) , suggest the possibility of some partial melt within the crust beneath these locations, consistent with the presence of historical magmatic activity within the MER.
[38] The presence of mafic crust beneath many of the MER stations has important implications for understanding strain accommodation within the rift. As noted in section 2.1, Ebinger and Casey [2001] have proposed that magmatic segments form the locus of extension in transitional rift settings, such as the MER. In order to change the prerift felsic to intermediate crust (i.e., Mozamibque Belt crust with a Poisson's ration of 0.25) to mafic crust, strain within the MER must be accommodated primarily by mafic intrusions, particularly given only modest amounts of extension ($35% [Ebinger and Casey, 2001] [39] There is only one station within the Afar depression proper (TEND), and thus it is difficult to make a comparison between crustal structure in the MER and the Afar. Moho depth at station TEND is 25 km, in good agreement with refraction line IV (26 km, Figure 2 ). Poisson's ratios for the crust beneath station TEND is 0.36, also in good agreement with the results obtained in previous studies, as reviewed earlier. Similar to the MER stations, the high Poisson's ratio is likely caused by a mafic crust plus the presence of partial melt. A similar interpretation for high crustal Possion's ratio for the crust in Afar was given by Ruegg [1975] , Searle [1975] , and Makris and Ginzburg [1987] . Again, using the results for the Mozambique Belt crust in Kenya and Tanzania as an indication of prerift crustal structure, it is obvious that the felsic to intermediate composition crust that once existed beneath the Afar (and MER) is now almost completely replaced with mafic rock.
[40] Has the Mozambique Belt crust beneath the Ethiopian Plateau been similarly modified by the Cenozoic tectonism? To the east of the MER (Figure 7 ), Moho depths beneath stations HIRN, HERO, GOBA and CHEF vary between 37 and 42 km, and Poisson's ratios range from 0.25 and 0.28. In comparison to the ''average'' Mozambique Belt crust, as well as to Precambrian crust elsewhere (Table 4) , the crust under the eastern side of the Ethiopian Plateau appears to be largely unmodified by the Cenozoic tectonism. There may be up to 1 -2 km of basaltic rock lying at the surface, but this volcanic cover does not appear to add a detectable thickness to the crust or alter the average composition of the crust, at least not within the uncertainties of our estimates of Moho depth and Poisson's ratio (Tables 2  and 3 ). Certainly, there is little evidence for comparable modification of the crust to what is found beneath the MER.
[41] For the western side of the Ethiopian Plateau, Moho depths are between about 34 and 44 km with a mean of 38 km (Figure 7) . The crustal thickness in the northern portion (stations FURI, AAUS, DMRK, BAHI, FICH, BIRH, KARA, DIYA) averages 41 km, and is somewhat different than for the southern portion (stations GUDE, NEKE, DELE, JIMA, TERC, WELK), where the average thickness is 35 km. This difference in crustal thickness has been observed previously in refraction profiles [Berckhemer et al., 1975; Mackenzie et al., 2003] . Interestingly, there does not appear to be a significant change in Poisson's ratio associated with the change in crustal thickness. In the northern portion of the western plateau, the average Poisson's ratio is 0.27, while for the southern portion the average is 0.28.
[42] The variation in crustal thickness between the northern and southern portions of the Ethiopian Plateau to the west of the MER may reflect both variations in the amount of volcanic rock emplaced on the surface of the crust as well as beneath and within it. Pik et al. [2003] show differences in the thickness of the flood basalts of $1 -2 km between the northern and southern portions. This variability in flood basalt thickness could be mirrored at depth by similar differences in crustal underplating. If so, this would provide a reasonable explanation for the difference in crustal thickness observed between the northern and southern portions.
[43] Overall, has crustal structure on the western side of the Ethiopian Plateau been extensively modified by the Cenozoic tectonism? Obviously, there has been at least a few kilometers of basaltic rock added to the crust, similar to the eastern side of the plateau. However, because the average values for Moho depth and Poisson's ratio for the stations on the western side of the plateau are similar to the global average for Precambrian crust (Table 4) , and also because they are not significantly different from the average Moho depth and Poisson's ratio for unmodified Mozambique Belt crust in Tanzania and Kenya, we conclude that there has not been extensive alteration of the crust on the western side of the plateau either.
[44] A further comparison can be made between our results and those of similar studies on other continents that have examined variations in Moho depth and Poisson's ratio (or V p /V s ). In studies from Russia and Australia, a pattern between Moho depth and Poisson's ratio was noticed where Poisson's ratio decreased with increasing crustal thickness for Moho depths of 20 to $45 km [Egorkin, 1998; Chevrot and van der Hilst, 2000] . For crust thicker than $45 km Poisson's ratio increased, and this increase was attributed to mafic underplating [Egorkin, 1998; Chevrot and van der Hilst, 2000] . Our results show a similar trend of decreasing Poisson's ratio with crustal thickness (crustal thickness varies between 25 and 44 km only). The highest Poisson's ratios are found for the thinnest crust beneath the MER and Afar, and as discussed above reflect the mafic composition of the rifted crust. Lower Poisson's ratios are found for thicker crust under the Ethiopian Plateau and reflect the largely unmodified Proterozoic crust that is beneath the flood basalts.
Summary
[45] Crustal structure within Kenya and Ethiopia has been investigated using receiver function analysis of broadband seismic data to determine the extent to which the Proterozoic crust of the Mozambique Belt has been modified by the development of the eastern branch of the East African rift system. Two methods have been used to analyze the receiver functions, the H-k method, and direct stacks of the waveforms. Crustal thickness to the east of the Kenya rift varies between 39 and 42 km, and Poisson's ratios vary between 0.24 and 0.27. To the west of the Kenya rift, Moho depths vary between 37 and 38 km, and Poisson's ratios vary between 0.24 and 0.27. When these estimates for Moho depth and Poisson's ratio are compared to estimates from a previous study of the Mozambique Belt in Tanzania, as well as to global average values for Proterozoic crust, it appears that the Mozambique Belt crust in Kenya, away from the rift proper, has not been significantly modified by the Cenozoic tectonism.
[46] To the north in Ethiopia, Moho depths vary from 27 to 38 km within the MER, and Poisson's ratios range between 0.27 and 0.35. A crustal thickness of 25 km and a Poisson's ratio of 0.36 were obtained for a single station in the Afar Depression. Beneath the Ethiopian Plateau on either side of the MER, crustal thickness ranges from 33 to 44 km, and Poisson's ratios vary from 0.23 to 0.28. When these estimates of Moho depth and Poisson's ratio are compared to estimates from the Mozambique Belt in Tanzania and Kenya, as well as to global average values for Proterozoic crust, they indicate that the Proterozoic crust away from the Main Ethiopian Rift has also not been modified greatly by the Cenozoic rifting and volcanism. The Cenozoic flood basalts on the Ethiopian Plateau are apparently not thick enough to alter significantly Moho depth beneath the plateau or the bulk composition of the crust. In contrast, the Proterozoic crust beneath the rifted regions (MER and Afar) has been thinned in many places and compositionally altered by the addition of large amounts of mafic rock. This finding supports models suggesting that magmatic segments within the MER, characterized by dike intrusion and Quaternary volcanism, act now as the locus of extension rather than the rift border faults. Figure A1 illustrates crustal structure at the edge of the Main Ethiopian Rift, where crustal thickness increases from $30 km to $40 km. In order to determine the effect on the calculation of the Poisson's ratio of the thicker crust being sampled by the reverberation phases, as opposed to the thinner crust, we begin with the relationships from Christensen [1996] and for Poisson's ratio (s) and V p /V s ratio (k), respectively:
where p = P wave ray parameter, t Ps , t PpPs are the arrival times of the Ps and PpPs phases, respectively, and V p and V s are average crustal P wave and S wave velocities, respectively. We consider only the Ps and PpPs phases because these are the dominant phases in our H-k stacking and they are the only phases used in the simple stacking method (see sections 3.2 and 3.3). From Figure A1 , it can be seen that the arrival time of the PpPs phase will be delayed compared to its arrival time if the crust was uniformly 30 km thick. To determine the error introduced by this time delay in the calculation of Poisson's ratio, we apply Taylor series expansion to s about a value s 0 , which is a Poisson's ratio if the crust is uniformly 30 km thick, and consider only the Figure A1 . Sketch showing variations in Moho depth near the edge of the MER and rays sampling this structure.
